There is currently a great interest in delayed chromosomal and other damaging effects of low-dose exposure to a variety of pollutants which appear collectively to act through induction of stress-response pathways related to oxidative stress and ageing. These have been studied mostly in the radiation field but evidence is accumulating that the mechanisms can also be triggered by chemicals, especially heavy metals. Humans are exposed to metals, including chromium (Cr) (VI) and vanadium (V) (V), from the environment, industry and surgical implants. Thus, the impact of low-dose stress responses may be larger than expected from individual toxicity projections. In this study, a short (24 h) exposure of human fibroblasts to low doses of Cr (VI) and V (V) caused both acute chromosome damage and genomic instability in the progeny of exposed cells for at least 30 days after exposure. Acutely, Cr (VI) caused chromatid breaks without aneuploidy while V (V) caused aneuploidy without chromatid breaks. The longerterm genomic instability was similar but depended on hTERT positivity. In telomerase-negative hTERTÀ cells, Cr (VI) and V (V) caused a long lasting and transmissible induction of dicentric chromosomes, nucleoplasmic bridges, micronuclei and aneuploidy. There was also a long term and transmissible reduction of clonogenic survival, with an increased b-galactosidase staining and apoptosis. This instability was not present in telomerasepositive hTERT þ cells. In contrast, in hTERT þ cells the metals caused a persistent induction of tetraploidy, which was not noted in hTERTÀ cells. The growth and survival of both metal-exposed hTERT þ and hTERTÀ cells differed if they were cultured at subconfluent levels or plated out as colonies. Genomic instability is considered to be a driving force towards cancer. This study suggests that the type of genomic instability in human cells may depend critically on whether they are telomerase-positive or -negative and that their sensitivities to metals could depend on whether they are clustered or diffuse.
Introduction
A large number of human beings are exposed to metals from industry, the environment and from surgical implants. Several hundred thousand workers are potentially exposed to Chromium (VI) (Cr(VI)) and Vanadium (V) (V(V)) from industry alone (WHO, 2001; O'Brien et al., 2003) . The International Agency for Research on Cancer (IARC) classifies Cr(VI)-containing compounds as Group 1 human carcinogens and the limit of exposure set by it is 0.5 mg/m 3 (IARC, 1990) . The carcinogenic potential of V(V) has not been well explored; however, owing to respiratory tract toxicity the permissible exposure limit set by the Occupational Safety and Health Administration (OSHA) is 0.5 mg/m 3 (dust; NIOSH, 1997) .
The genotoxicities of metals are complex both in terms of the lesions that are induced and of the cellular response that they evoke (Cheng et al., 2003; Koizumi and Yamada, 2003) . In the short term Cr(VI) causes both aneugenic and clastogenic damage (Sugden and Stearns, 2000; Seone and Dulout, 2001) . It causes double and single DNA strand breaks, Cr-DNA base/ phosphate adducts, base oxidation, abasic sites, proteinCr-DNA crosslinks, and DNA-Cr-DNA interstrand crosslinks (see O'Brien et al., 2003; Ha et al., 2004) . It can induce aneuploidy (Seone and Dulout, 2001) . V(V) has a different toxicity. V(V) is not known to cause double-strand breaks but induces DNA single-strand breaks and DNA-protein cross links (Ivancsits et al., 2002) and also increases the frequency of sister chromatid exchanges. It also interferes with microtubule assembly and spindle formation to induce aneuploidy (Ramirez et al., 1997) .
Recently, Coen et al. (2001 Coen et al. ( , 2003 have shown that the metal ions, cadmium and nickel, as well as orthopaedic wear debris from a titanium aluminium vanadium alloy hip replacement cause genomic instability. This phenomenon, usually characteristic of radiation exposure (Seymour et al., 1986; Kadhim et al., 1992) , resulted in a persistent reduction in clonogenic survival and increase in chromosome aberrations in the distant progeny of cells which appeared to have completely recovered from the exposure. Genomic instability induced by agents other than metals is influenced by telomerase including hTERT and/or telomeres in a number of species including yeast, plants, mice and cultured human cells (Sabatier et al., 1994; Blasco et al., 1997; Hackett et al., 2001; Cui et al., 2002) .
The specific mechanisms involved in the induction and particularly in the transmission of the genomic instability phenotype to progeny are unclear. Oxidative stress responses are known to be involved and subtle checkpoint control of sectoring cellular 'decisions' on how to manage damage can be linked to genotype (see Mothersill and Seymour, 2004) . The actual genes involved have not been identified.
The purpose of this study was to examine the shortand long-term response of cells exposed to two metals with different genotoxic properties to test whether both would induce genomic instability and to see whether the genomic instability was similar. Some authors have suggested that double-strand breaks are the main initiators for genomic instability (Mothersill et al., 1998) . It was therefore of interest to compare the longterm effects of Cr(VI) which induce double-strand breaks and V(V) which does not. In addition, we have examined the role of hTERT to test whether it would protect against the genomic instability induced by both metal ions and if so, to explore by what mechanism it would achieve it.
Results
Low doses of chromium and vanadium cause a persistent reduction in the clonogenic survival of hTERTÀ but not hTERT þ cells In order to explore whether these metals induced instability like radiation exposure, we first exposed hTERTÀ (wild type) and hTERT þ human BJ fibroblasts to a range of doses of Cr (VI) and V(V) ions for 24 h. We then examined these cells after being plated out at 0, 5 and 30 days after exposure for the clonogenic assay, which has been widely used to study radiationinduced genomic instability.
Both Cr (VI) and V (V) caused a reduction in clonogenic survival of hTERTÀ cells in a dosedependent manner (Figure 1a , left panel). This reduction persisted up to 30 days after a single 24 h exposure to metal. A different pattern was observed in hTERT þ cells (Figure 1a , right panel). There was no loss of survival in metal exposed hTERT þ cells, except at the highest doses of Cr (VI) (4 mM) and V (V) (50 mM). Direct comparison of the data showed that the loss of clonogenic survival was statistically significantly less in the hTERT þ cells compared to the hTERTÀ cells especially at the higher doses (Po0.001)
In order to determine the cause for this, the colonies were stained for b-galactosidase as a marker for senescence and with Harris haematoxylin to determine apoptosis morphologically. Despite little induction of senescence-associated protein immediately after metal exposure, there was a progressive and dose-dependent increase of b-galactosidase stained cells up to 30 days after metal treatment of hTERTÀ cells (Figure 1b , left panel). Minimal staining was seen without metal exposure. No significant increase was seen in the hTERT þ cells (Figure 1b, right panel) .
The level of background apoptosis was significantly higher in the control hTERT þ cells (32%) than hTERTÀ cells (15-20%), (Figure 1c , Po0.001). After metal exposure there was a persistent and dosedependent induction of apoptosis up to 30 days in hTERTÀ cells. There was only a higher level of apoptosis in metal exposed hTERT þ cells (Figure 1c , right panel) at the higher doses.
Persistent increases of micronuclei and nucleoplasmic bridges in metal-exposed hTERTÀ but not hTERT þ cells The reduction of clonogenic survival suggested that the metals had indeed induced genomic instability. In order to confirm this we repeated the experiments using the micronucleus assay as a standard assessment of genotoxicity (Fenech, 2000) . We exposed subconfluent cells to the low doses of Cr (VI) (0.04, 0.4 mM) and V (V) (0.5, 5 mM); doses that gave a clonogenic survival of more than 50% with minimal toxicity (data not shown). These doses can be compared with clinical exposures. The lung content in chromate workers with lung cancer is 0.7 mM, compared to control, 0.004 mM (non-chromate lung cancer) (Tsuneta et al., 1980) . The personal exposure to ambient particulate matter may be equivalent in content to 0.11 mM Cr and 0.11 mM V (Sorensen et al., 2005) .
Both Cr (VI) and V (V) induced micronuclei ( Figure 2a ) in hTERTÀ cells in a dose-dependent manner for up to 30 days after the single 24 h exposure (Figure 3a , left panel). In contrast, there was only a small and temporary increase in micronuclei in hTERT þ cells at 5 days after the 24 h exposure (Figure 3a, right panel) . In all the experiments, at all survival times with or without metal treatment, there was a highly statistically significant lower level of micronuclei in the hTERT þ cells compared to the hTERTÀ cells (30 days, Po0.001).
Both Cr (VI) and V (V) also caused an increase of nucleoplasmic bridges (Figure 2b ) in hTERTÀ cells in the micronucleus assay (Figure 3b , left panel). These are believed to correspond to dicentric chromosomes and rings (not seen in this study) . However, the increase of nucleoplasmic bridges only reached the level of statistical significance 30 days after the initial 24 h exposure. There was no significant increase of nucleoplasmic bridges in hTERT þ cells (Figures 3b, right panel) . In all the experiments, with or without metal treatment, there was a statistically significant lower level of nucleoplasmic bridges in the hTERT þ cells compared to the hTERTÀ cells, particularly at 30 days (Po0.01, lower dose; Po0.001, higher dose). The bridges were labelled with centromeric and telomeric probes. Immediately after metal exposure, the majority of bridges (60%) had one or two centromeres. Only 3% showed one or more telomeric signals. A similar pattern was present after 5 days. In contrast by 30 days after exposure, 90% of nucleoplasmic bridges had multiple telomeric and multiple centromeric signals (data not shown).
Metals induce different types of genomic instability in hTERTÀ and hTERT þ cells Having confirmed that the metals induced genomic instability we then sought to characterize its nature by making a detailed cytogenetic analysis of the subconfluent cells. Surprisingly two different types of instability were seen; one in hTERTÀ cells and one in hTERT þ cells.
Cr (VI) caused a large and significant increase in chromatid breaks (Figure 2c ) in the hTERTÀ cells at the higher dose (0.4 mM) immediately after exposure (Figure 4a, left panel) . No statistically significant change was seen immediately after V (V) treatment. The increase in breaks after Cr (VI) exposure decreased with time. There was a slight increase in chromatid breaks 30 days after treatment with the lower dose of vanadium. In the hTERT þ cells there was also a significant but temporary increase in chromatid breaks after Cr (VI) treatment with no statistically significant change after V (V) exposure (Figure 4a, right panel) . A direct comparison of hTERT þ and hTERTÀ cells showed that there were significantly fewer breaks after 0.4 mM Cr (VI) treatment (Po0.05) in hTERT þ cells but significantly more after 5 mM V (V) treatment (Po0.01). Metal treatment did not produce any significant number of chromatid gaps or fragments in either hTERTÀ or hTERT þ cells.
No dicentric chromosomes were seen in either control hTERTÀ or hTERT þ cells without metal treatment. Both Cr (VI) (particularly at 0.4 mM) and V (V) (particularly at 0.5 mM) induced dicentric chromosomes The number of apoptotic cells were identified morphologically using standard criteria (Kerr and Harmon, 1991) and presented as means and standard deviations in three experiments. 5 µM V (V) * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Figure 3 Results of the cytokinesis-block micronucleus assay: There is both a short-and a long-term induction of micronuclei and nucleoplasmic bridges in hTERTÀ cells, but not hTERT þ cells after 24 h exposure to metal. At each time interval, 0, 5 and 30 days after the 24 h exposure cytochalasin-B was added to the culture to block cytokinesis and the number of micronuclei, nucleoplasmic bridges, binucleate and mononucleate cells were counted. (a) Mean7standard deviation of three experiments of the incidence of micronuclei expressed as a percentage of binucleate cells with micronuclei using the method of Fenech and Morley (1985) and Fenech (2000) . The incidence of micronuclei is shown in hTERTÀ cells (left-hand panel) and hTERT þ cells (right-hand panel) at 0, 5 and 30 days after a 24 h exposure to PBS (control) or to two doses of chromium or vanadium. (b) Corresponding mean7standard deviation of the incidence of nucleoplasmic bridges in the same three experiments with the micronucleus assay (*Po0.05, **Po0.01, ***Po0.001). * * * * * * Figure 4 The pattern of chromosome aberrations is different in hTERTÀ and hTERT þ cells after exposure to metals. Metaphase spreads were prepared at each time interval using a 6 h treatment with colchicine. They were stained with Giemsa before being examined with light microscopy ( Â 100 aperture) under oil immersion. The mean7standard deviation of (a) chromatid breaks, (b) dicentric chromosomes, (c) tetraploidy, (d) total aneuploidy (loss and gain) and (e) aneploidy gain are shown for three experiments. The incidences are shown for hTERTÀ cells (left-hand panels) and hTERT þ cells (right-hand panels) at 0, 5 and 30 days after a 24 h exposure to PBS (control) or to two doses of chromium or vanadium. (*Po0.05, **Po0.01, ***Po0.001). Metals induce genomic instability without causing major changes in telomerase or telomere length In view of the differences between hTERT þ and hTERTÀ cells we then tested whether the induction of instability by metals could be owing to the metals altering either the level of telomerase or the telomere lengths. The level of telomerase activity was much greater, as expected, in hTERT þ cells (2.0470.25 TPG units) compared to the hTERTÀ cells (0.0170.008 TPG units) (Figure 5a ). There was a very slight increase of telomerase activity after V (V) but not Cr (VI) treatment of hTERTÀ cells. No significant change was noted after metal treatment of hTERT þ cells.
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The telomere lengths, when measured with flow-FISH (Figure 5b ), appeared to be longer in untreated hTERT þ cells than hTERTÀ cells and slightly shorter after metal treatment compared to without metal treatment. Neither change was statistically significant. Despite this the telomere lengths in metal-treated hTERT þ cells were significantly longer (approximately twofold) than in metal treated hTERTÀ cells, 30 days after exposure (Po0.05).
A more detailed analysis of telomere lengths was carried out using single telomere length analysis (STELA) (Baird et al., 2003) (Figure 5c , supplementary Figure) . Analysis of the XpYp telomere confirmed that hTERT þ cells had longer telomeres than hTERTÀ cells. However, this was not due to an overall increase in all telomere lengths. Rather it was because the hTERTÀ cells had a neat bimodal allelic-like distribution of lengths, 0-3 kb and 3-11 kb that was lacking in the hTERT þ cells having only the larger fraction 3-11 kb. With increasing time, as expected, the mean telomere lengths were shorter. As in the flow-FISH analysis, there was no evidence that metals had significantly shortened the telomere lengths or changed their distributions. Preliminary analysis of the 17p telomere with STELA, 5 days after exposure, also showed no change after metal exposure although these telomeres were longer and there was no population of short telomeres in hTERTÀ cells.
Different growth of metal-exposed cells when cultured at subconfluent levels compared to those in colonies There has been recent discussion about the existence of a specific tetraploidy checkpoint. It was therefore of interest to test whether there were changes in the cell cycle of metal-exposed hTERT þ cells which showed tetraploidy. Unexpectedly, the growth of the metal-exposed cells at subconfluent levels (as used for cytogenetics) was markedly different from those in the colonies. The hTERT þ cells grew significantly faster than the hTERTÀ cells when cultured routinely at 70% confluence (Po0.001) and there was a very slight slowing of the growth in hTERTÀ cells by day 30 (Figure 6a ). The metal treatments (except at the highest doses 4 mM Cr (VI) and 50 mM V (V)) had little effect on the cell-cycle time (Figure 6a ). Furthermore, there was no difference in the distributions of the phases of the cell cycle of the cells that were grown at subconfluency at 5 and 30 days after metal exposure. (Figure 6b ). This is in contrast to the effects of metals on the cells, which were plated out as colonies for the clonogenic assay (Figure 1a) . No long-term increase of cells in G0/G1 after metal treatment was seen, which might have implied an increase in senescence such as was seen in the colonies after treatment (Figure 1b) . In these very low doses, Cr (VI) (0.4 mM) did not alter the cell cycle in hTERTÀ or hTERT þ cells. However, V (V) (5 mM) did increase the proportion of cells in G0/G1 but only in the hTERTÀ cells (Figure 6b ). Direct comparison showed that the hTERT þ cells had statistically significantly more cells in G2/M and S-phase (Po0.01) than hTERTÀ cells and less in G0/G1 phase (Po0.001) and metal treatment particularly vanadium only emphasized this difference (Po0.001). Preliminary experiments with higher doses of Cr (0.8 mM) and V (10 mM) revealed an increase in G2/M in hTERTÀ cells, but again there was no change in the hTERT þ cells (data not shown).
The level of apoptosis in the cells, which were cultured routinely at 70% confluence, was measured with flow cytometry by estimating the sub G1 peak (Nicoletti et al., 1991) . This was only counted when a clear subpeak was visible, which was separate from the G0/G1 peak. There was a very small increase in the sub G1 peak immediately after either Cr (VI) (0.4 mM) or V (V) (5 mM) treatment of hTERTÀ cells. (Figure 6c , left panel). No increase in this peak was seen at 5 and 30 days after exposure. The sub G1 peak was significantly less in the hTERT þ cells with and without metal treatment (Figure 6c ) and there was no shortterm increase after metal exposure (Figure 6c , right panel). A similar pattern was seen using the trypan blue exclusion assay to measure cell viability (data not shown).
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Discussion
This study has shown that short-term exposures of low doses of Cr (VI) and V (V) cause two types of long-term chromosomal instability in human fibroblasts. The first was seen in hTERTÀ cells and not in hTERT þ cells and was characterized by a persistent induction of micronuclei (Fenech, 2000) , nucleoplasmic bridges (thought to represent dicentric chromosomes and rings (not seen in this study)) dicentric chromosomes and aneuploidy and a persistent loss of clonogenic survival. The second type of instability was found in hTERT þ cells and not in hTERTÀ cells and involved a persistent induction of tetraploidy. The acute cytogenetic effects of the metals were different as expected from their toxicities (see introduction). Cr (VI) at these concentrations induced chromatid breaks without aneuploidy. V (V) caused aneuploidy without chromatid breaks. However, the instabilities produced by the two metals were similar. This suggests that genomic instability could have been caused by a common mechanism such as single-strand breaks (see The graphs show the distribution of telomere lengths in hTERTÀ (left-hand panels) and hTERT þ (right-hand panels) cells which were exposed to PBS as a control, Cr (0.4 mM) and V(V) (5 mM) for 24 h and then examined at 0, 5 and 30 days after exposure.
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A Glaviano et al Mothersill et al., 1998) or hypermethylation (Sciandrello et al., 2004) or adduct formation. In theory, the persistent increase of dicentric chromosomes in the hTERTÀ cells could have arisen in three ways. Two broken ends of chromosomes might fuse (see Obe et al., 2002) . Telomeres might fuse with doublestrand breaks in cells lacking telomerase and/or with eroded telomeres (Chan and Blackburn, 2003) . Thirdly telomeres themselves could fuse if they were dysfunctional, lacking TRF2 (Smorgorzewska et al., 2002) or if they were damaged by single-strand breaks (see Urushibara et al., 2004) .
Our data suggest that the second and particularly the third mechanism may have been important for the following reasons: ectopic hTERT expression protected against the formation of dicentric chromosomes, nucleoplasmic bridges and aneuploidy. At the time, 30 days post exposure, that the nucleoplasmic bridges were significantly increased in hTERTÀ cells, they were also associated for the first time with multiple telomeric and centromeric signals. Furthermore, the increase of dicentric chromosomes and nucleoplasmic bridges did not correspond with the incidence of chromatid breaks.
Fusion of damaged telomeres is also thought to cause an increase of dicentric chromosomes after radiation. If this had created a cycle of chromosome fusion, bridging and breakage (McClintock, 1941) this might have caused the persistence of the aneuploidy at the time of the increase of nucleoplasmic bridges, 30 days after metal exposure of hTERTÀ cells. Rubio et al. (2004) have suggested that hTERT is only protective for clonogenic survival in cells with short telomeres. Indeed during ageing, chromosome fusion is restricted to the chromosomes with the shortest telomeres (der-Sarkissian et al., 2004) . This study is compatible with this interesting idea. However, in the pre-senescent period of ageing in this study, there were no dicentric chromosomes in the non-metal-exposed control cells despite an increasing population of some (XpYp) but not other (17p) chromosomes with short telomeres (1-3 kb) . Furthermore, in the metal exposed hTERTÀ cells, in which there was an induction of dicentric chromosomes, there was no significant change in the average or the distribution of telomere lengths by metals. The hTERTÀ cells, whether treated or not, showed essentially normal telomere dynamics. This data suggest that metals might have caused structural or conformational changes in those telomeres (and/or their associated proteins) that were short and therefore vulnerable to damage.
Telomeres may be present in two forms, an open assessable form and a closed protected form (Blackburn, 2001 ). Short telomeres can undergo a conformational change as a result of alteration of binding of telomereassociated protein TRF2 (Karlseder et al., , 2004 . It would be interesting to test if the binding of TRF2 is different in hTERTÀ and hTERT þ cells after metal exposure (see Nijjar et al., 2005; Zhang et al., 2005) . A differential change in TRF2 could provide a neat contribution to both types of instability. It might explain (in conjunction with the short telomeres) the difference in induction of dicentric chromosomes and senescence (van Steensel et al., 1998; Karlseder et al., 2002 Karlseder et al., , 2004 as well as the lack of response in the cell cycle and apoptosis to chromatid breaks in hTERT þ cells (Karlseder et al., , 2004 .
The growth of the metal-treated cells differed depending on whether they were plated out as colonies or grown routinely at subconfluent levels. The long-term loss of clonogenic survival in metal-treated hTERTÀ cells can be at least partly explained by a persistent induction of apoptosis and a delayed induction of senescent-like b-galacosidase staining (Dimri et al., 1995) within the colonies. In contrast, the lack of changes in cell proliferation or cell-cycle time in the metal-treated cells, which were grown at subconfluent levels, can also be correlated by only a small and temporary induction of apoptosis and by only temporary changes in the proportion of these cells in different phases of the cell cycle including G0/G1. This data point to different but consistent growth behaviour. It is admitted that some apoptotic cells might have been lost during the harvesting after metal exposure. However, this would also have affected those cells that were grown at subconfluent levels for 30 days after metal exposure before being plated out for the clonogenic assay. These cells still showed a long-term reduction of clonogenic survival and increase of apoptosis and b-galactosidase staining. The increased apoptosis in the colonies of untreated hTERT þ cells compared to hTERTÀ cells was unexpected but is in keeping with the increased apoptosis of transformed MIN6 pancreatic cells when grown as three-dimensional clusters rather than monolayers (Luther et al., 2005) and with the apoptosis seen in malignant and even pre-malignant tumours (e.g. Bowen's disease, which is hTERT positive (Park et al., 2004) ) compared to their benign counterparts. The lack of increased apoptosis and reduced loss of cell viability in hTERT þ cells after metal treatment emphasizes the link between cell death and telomerase which has been noted in tumours during the development of drug resistance to chemotherapy including metal (cisplatin) (Mese et al., 2001) .
It is possible that the reduced growth in the colonies of metal-treated hTERTÀ cells was related to a higher level of genomic instability in the colonies caused by the microenvironment (Bindra and Glazer, 2005) or an increased concentration of bystander effects (Little, 2003) . If true, hTERT might provide one genetic influence for the control of the bystander effect (see Mothersill and Seymour, 2004) .
Although hTERT protected against many features of metal-induced genomic instability, it allowed (or maintained) metals to induce tetraploidy rather than aneuploidy (see Shi and King, 2005) . Tetraploidy is known to be created by several mechanisms: cell fusion, uncoupling of DNA replication from cell division (endoreduplication), an abortive cell cycle, nondisjunction, stress and ageing (see Storchova and Pellman, 2004, Shi and King, 2005) . The mechanism of the tetraploidy in this experiment is not known. However, the lack of cell-cycle arrest at G1 with low dose of V and at G2/M with a higher dose of Cr and V in the hTERT þ cells but not in the hTERTÀ cells suggests that cell-cycle checkpoints might play a role. Andreassen et al. (2003) originally proposed that there was a specific p53-dependent tetraploidy checkpoint at G1 that prevents cell-cycle progression of cells with abnormal chromosome failure. This has been challenged by Uetake and Sluder (2004) and Wong and Stearns (2005) . In keeping with this, the tetraploidy in the metal-exposed hTERT þ cells was not dependent on a G1 arrest. However, it was interesting to note that V (V) unlike Cr (VI) caused a temporary increase in G1 in the hTERTÀ cells without tetraploidy which was not seen in the hTERT þ cells that did undergo tetraploidy (83% G1 hTERTÀ, 63% G1 hTERT þ ). Vanadium unlike chromium is known to inhibit microtubule assembly and induce tubulin depolymerization (Ramirez et al., 1997) . Lanni and Jacks (1998) showed that adaption to another microtubule destabilizing drug (nocodazole) caused a p53-dependent G1 arrest. It is therefore possible that abnormal p53 signalling in hTERT þ cells was partly responsible for the tetraploidy caused by V (V).
The integrity of cell-cycle checkpoints is a controversial aspect of hTERT biology. Some authors have noted that hTERT þ cells express a normal cell-cycle arrest and checkpoint protein response to specific challenges including DNA damaging agents (including chromium) (Jiang et al., 1999; Morales et al., 1999; Pritchard et al., 2001; Wood et al., 2001; Gorbunova et al., 2002) . In contrast, other authors have reported that there is a loss of p16INK4a and hyperphosphorylation of pRb in hTERT þ cells (Tsutsui et al., 2002; Piboonniyom et al., 2003) and in one cell line a mutation in p53 and abnormal G1 checkpoint (Noble et al., 2004) .
Our results suggest that hTERT þ cells, at least in some circumstances, have a latent defect in checkpoint control. This may allow damaging agents like metals to cause tetraploidy, which would not be caused in hTERTÀ cells. This mechanism could be important in carcinogenesis in which the induction of telomerase positivity and tetraploidy are early steps in malignancy (Reid et al., 1987; Dutrillaux et al., 1991; Rajagopalan and Lengauer, 2004) . It is interesting that an example of transformation to a near tetraploid state has been described in tissue culture of Barrett's epithelium, which was transfected with hTERT (Corinna et al., 2003) . This transformation coupled with repeated exposure to DNA-damaging agents may drive a malignant process to complex aneuploidy with a consequent poor prognosis (Risques et al., 2003) .
Materials and methods
BJ normal human foreskin fibroblasts (which normally senesce at approximately PD 80) were infected at PD 50 with pLXSNhTERT retroviruses (as in Rubio et al., 2002) . The plasmid was created by introducing hTERT from pBABE-PUROhTERT (Rubio et al., 2002) in the pLXSN retroviral vector (Clontech). Cells were selected with G418, and the population (hTERT þ ) expanded before being frozen, before use, after PD 55. BJ hTERTÀ cells were used after PD 50. A total of 5 Â 10 5 cells were plated for all the experiments and were grown at 70% confluence in Dulbecco's minimum essential medium (DMEM) (Sigma) supplemented with 100 ml of medium 199 (Sigma), 10% FBS (Gibco), 1 M Hepes buffer (Sigma), 200 mM L-glutamine (Gibco), 100 mM sodium pyruvate (Sigma) and 100 Â antibiotics antimycotic (Sigma) at 70% confluence. They were exposed to three doses of Cr (VI) (K 2 Cr 2 O 7 ) (Sigma) (0.04, 0.4 and 4 mM) and three doses of V (V) (V 2 O 5 ) (Fluka) (0.5, 5 and 50 mM) for 24 h. Immediately after the 24 h exposure, the cells were washed twice with PBS and fresh medium was added. The effects of metal treatment were studied immediately (day 0) and at 5 and 30 days after a 24 h exposure to metal ions. The cells were trypsinized every 3 days. All experiments unless stated were performed separately three times.
Cell viability A volume of 250 ml of cell suspension was added to 250 ml of trypan blue in a 1.5 ml Eppendorf and was mixed well. This was placed in a haemocytometer and at least 100 cells for each dose point were counted to give a percentage of non-viable cells.
Clonogenic assay
After each time interval, the cells were harvested and then plated in 25 cm 2 flasks at concentrations adjusted to yield approximately 100 colonies according to the method established by Puck and Marcus (1956) . The cells were cultured for 2 weeks and then stained with carbol fuchsin (20%, Ziehl Niehlson) to assess the colony formation. Six flasks were used for each experimental group. The colonies were stained with bgalactosidase (Cell signalling technology, Beverly, MA, USA) according to the method of Dimri et al. (1995) . They were also stained with Harris' haematoxylin and the number of apoptotic cells were counted as having two or more of the following; cell volume shrinkage and pyknotic nucleus, blebbing of the cytoplasm, nuclear fragmentation and formation of apoptotic bodies (Kerr and Harmon, 1991; Seymour et al., 2003) Micronucleus assay The micronucleus assay (in binucleated cells) was performed according to the method of Fenech and Morley (1985) . For each experimental group, the number of micronuclei and nucleoplasmic bridges were counted under oil immersion ( Â 100 aperture) in 1000 binucleated cells according to the criteria of Fenech (2000) . The number of mononucleated cells (MNC) and binucleated cells (BNC) in 500 cells was counted separately.
Centromeric and telomeric signals in nucleoplasmic bridges
The nucleoplasmic bridges from the micronucleus assay were stained with commercially available human pan centromeric probes (Cambio, Cambridge, UK) and PNA telomeric probes, simultaneously. Fluorescent in situ hybridization was performed on freshly made slides 'aged' chemically as described by Henegariu et al. (2001) .
They were examined with an Olympus BX41 microscope equipped with a single and a tri-band-pass filter (Olympus, Southall, UK). A MetaSystem digital-imaging system was used to capture multicolour images (Imaging Associate Ltd, UK).
Chromosome aberration analysis
This assay was performed according to the method described by Coen et al. (2001) . After each time interval, the cells were treated with colchicine (200 mg/ml) (Sigma) for 6 h. The cells were harvested and subjected to hypotonic treatment (0.5% potassium chloride) and fixed in methanol:acetic acid (3:1) solution. The cell suspension was dropped on clean, pre-chilled slides, dried and stained with giemsa (5%). Hundred metaphase plates in each experiment at each time point were examined under oil immersion ( Â 100 aperture) with light microscopy. A score was made of chromatid breaks, gaps, fragments, dicentrics, tetraploid cells (those with 92 chromosomes), total aneuploidy (chromosome loss and gain) and chromosome gain alone.
Telomere length measurement by flow-FISH Telomere lengths were analysed by flow cytometry as described previously (Cabuy et al., 2004) . The analysis was performed on fresh samples using FACS coulter EPICS XL (Becton Dickinson, USA). The FITC signal was detected in the FL1 channel and the PI fluorescence in the FL3 channel with no compensation set on the instrument. List mode data from approximately 2 Â 10 4 un-gated events were collected in each experiment and evaluated using Expo32 ADC Analysis software (Coulter corporation, USA). Mean telomere fluorescence intensity (TFI) was calculated as the difference between the mean fluorescence FL1 channel of electronically gated G0/G1 cells and the control samples. The performance of the instrument was monitored before analysis by using FlowCheck fluorospheres (Beckman Coulter). The measurements of TFI may be converted into kilobase pair using the formula y ¼ 4.13x þ 2.56. (McIlrath et al., 2001) .
Cell-cycle analysis
The cell-cycle phases were collected net of the apoptotic (less than 2N) population. Approximate numbers of cells in the G0/G1, S and G2/M cell-cycle phases were measured on the FL3 (PI) linear channel. Apoptotic cells were identified and measured on the PI fluorescence histogram as hypodiploid peaks, as described previously (Nicoletti et al., 1991) .
STELA DNA extractions and STELA reactions were carried out as previously described (Baird et al., 2003) , with the following adaptations: The Taq/Pwo ratio was adjusted from 25:1 to 10:1 and we cycled the reactions with an MJ PTC-225 thermocycler (MJ research) under the following conditions: 22 cycles of 941C for 15 s, 651C for 30 s and 681C for 10 min. To ensure specificity of telomeric bands only those that hybridized to both the telomere-adjacent and telomere-repeat containing probe were analysed.
Estimation of cell-cycle times Cells were exposed to PBS, Cr and V for 24 h. A fixed number of cells (500 000) were plated out and then left to divide for 48 h. The total number of cells was calculated after 48 h and the mean cell-cycle time (doubling time) was estimated.
Measurement of telomerase activity
Telomerase activity was determined by the telomeric repeat amplification protocol (TRAP), using TRAP EZE s telomerase detection kit (Chemicon, CA). Protein concentration was measured by the Quick Start Bradford Protein Assay kit (BioRad, USA). Images were captured by Syngene software. The quantification of telomerase activity was done by applying the formula described by Kim and Wu (1997) .
Statistical methods
Analyses used binomial generalized linear models with quasilikelihood standard errors (Hardin and Hilde, 2001 ) and hypergeometric confidence intervals and Fisher's exact tests for odds ratios.
